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Introduction {#open201500201-sec-0001}
============

Supramolecular self‐assembly and the self‐organization of molecules play an important role in the construction of thermodynamically stable structures at both the cellular and subcellular level, within nanometer to millimeter dimensions, and utilizes a 'bottom‐up' or 'bio‐inspired' approach.[1](#open201500201-bib-0001){ref-type="ref"} Interest in supramolecular self‐assembly using various functional π‐systems has grown significantly in recent years.[2](#open201500201-bib-0002){ref-type="ref"} Such supramolecular materials with defined photophysical properties are potential candidates for applications in areas ranging from organic electronics to the biological sciences.[3](#open201500201-bib-0003){ref-type="ref"} The intermolecular amide--amide hydrogen bonding in supramolecular chemistry promotes the fabrication of well‐defined assemblies and has recently led to new functional electronic materials.[4](#open201500201-bib-0004){ref-type="ref"} Naphthalene diimide (NDI) chromophores[5](#open201500201-bib-0005){ref-type="ref"} have drawn considerable attention due to their unique optical and electronic properties, which have led to various applications in sensors,[4](#open201500201-bib-0004){ref-type="ref"} semiconductor devices,[2b](#open201500201-bib-0002b){ref-type="ref"}, [6](#open201500201-bib-0006){ref-type="ref"} organic phtovoltaic devices,[7](#open201500201-bib-0007){ref-type="ref"} and artificial photosynthesis,[8](#open201500201-bib-0008){ref-type="ref"} as well as biological applications.[9](#open201500201-bib-0009){ref-type="ref"} Furthermore, NDI derivatives have been extensively investigated in the field of supramolecular self‐assembly to produce well‐defined nanostructures such as nanobelts,[10](#open201500201-bib-0010){ref-type="ref"} nanotubes,[2](#open201500201-bib-0002){ref-type="ref"}, [11](#open201500201-bib-0011){ref-type="ref"} ion channels,[12](#open201500201-bib-0012){ref-type="ref"} hydrogels,[13](#open201500201-bib-0013){ref-type="ref"} organogels,[14](#open201500201-bib-0014){ref-type="ref"} catenanes,[15](#open201500201-bib-0015){ref-type="ref"} rotaxanes,[16](#open201500201-bib-0016){ref-type="ref"} foldamers,[17](#open201500201-bib-0017){ref-type="ref"} nanoparticles,[18](#open201500201-bib-0018){ref-type="ref"} stimuli responsive nanomaterials,[19](#open201500201-bib-0019){ref-type="ref"} and aggregation‐induced emission enhancement (AIEE)[20](#open201500201-bib-0020){ref-type="ref"} nanostructures.

In recent years, AIEE‐activity has emerged as an important property of self‐aggregating materials, and has attracted much attention. Due to their excellent spectroscopic properties such as large molar extinction coefficients (Φ) and high fluorescence quantum yields, these materials have seen applications in areas such as biology.[21](#open201500201-bib-0021){ref-type="ref"} The typical restricted intramolecular rotation: a mechanism for aggregation‐induced emission has been proposed by Tang et al.,[22](#open201500201-bib-0022){ref-type="ref"} and other mechanisms such as the *J* aggregation,[23](#open201500201-bib-0023){ref-type="ref"} hydrophilic interaction,[24](#open201500201-bib-0024){ref-type="ref"} and excimer formation[25](#open201500201-bib-0025){ref-type="ref"} have been reported in the literature. Although considerable progress has been made over the last several years,[26](#open201500201-bib-0026){ref-type="ref"} there is still a need to design and engineer new AIEE[27](#open201500201-bib-0027){ref-type="ref"} systems to produce new functional luminescent materials for specific applications.

In this work, we report the synthesis, self‐assembly, and AIEE properties of **NDI‐N** and **NDI‐NA** derivatives. Characteristically, the **NDI‐NA** molecule possess three important properties resulting in the formation of various nanostructures through solvent control: 1) the aromatic core of the NDI, which is designed to optimize the dispersive interactions (π--π‐stacking) between the cores within a construct, 2) amide linkage that tackles the strong hydrogen bonding within the assembly, and 3) hydrophobic alkyl chains that help maximize the influence of solvents. These arrangements prevent crystallization and favor the directional growth of the nanostructure in a one‐ to three‐dimensional fashion (Figure [1](#open201500201-fig-0001){ref-type="fig"}).

![**NDI‐NA** molecules self‐assembled into supramolecular microsheets via amide H‐bonding, π--π stacking, and hydrophobic interaction. The microsheet bilayer detaches from other microsheets layer‐by‐layer upon solvent evaporation. Furthermore, the nanosheets are transformed into microcups, which turn into microcapsules (vesicles).](OPEN-5-157-g001){#open201500201-fig-0001}

Interestingly, **NDI‐NA** exhibits very unique AIEE phenomenon with a significantly enhanced emission intensity in aggregation state. However, compound **NDI‐N** without amide linkage failed to produce any defined nanostructures.

Results and Discussion {#open201500201-sec-0002}
======================

The synthetic strategy of the **NDI‐N** and **NDI‐NA** is shown in Scheme [1](#open201500201-fig-5001){ref-type="fig"}. The monoimidation was carried out using naphthalene dianhydride **1** with octylamine in a mixture of *n*‐propanol and water at 50 °C under nitrogen atmosphere, yielding **2** in 74 %. The **NDI‐N** was synthesized by setting a mixture of **2** and *p*‐amino nitrobenzene in dimethyl formamide (DMF) for at reflux 12 h, yielding **NDI‐N** in 70 % (Scheme [1](#open201500201-fig-5001){ref-type="fig"}). The synthesis of compound **NDI‐NA** started from **2**, which was converted to **3** using mono*‐*boc‐ethylenediamine in triethylamine at reflux (90 °C). Compound **4** was obtained through a reaction between NDI **3** and trifluoroacetic acid (TFA) in dichloromethane. NDI **4** with 4‐nitrobenzoic acid in the presence of triethylamine led to formation of **NDI‐NA** in 62 % yield.

![Synthesis of NDI amphiphiles. *Reagents and conditions*: A) a) *n*‐propanol+H~2~O (1:1), octyl amine, 50 °C, 24 h, N~2~ atm., 74 %; b) 4‐nitroaniline, DMF, reflux, 12 h, N~2~ atm., 70 %; B) c) mono‐boc‐ethylenediamine, Et~3~N, *i*PrOH, 72 h, 90 °C, 78 %; d) TFA:CH~2~Cl~2~ (1:1), 3 h, 96 %; e) SOCl~2~, DMF, 4‐nitrobenzoic acid, CH~2~Cl~2~, Et~3~N, 12 h, rt, 62 %.](OPEN-5-157-g009){#open201500201-fig-5001}

The UV/Vis absorption and fluorescence emission spectra of **NDI‐N** amphiphile in chloroform at room temperature are shown in Figure [2](#open201500201-fig-0002){ref-type="fig"} A and B, respectively. The UV/Vis absorption spectrum of **NDI‐N** amphiphile in chloroform exhibits two peaks with a maximum at 380 nm and a second absorption band appearing at 358 nm, along with a shoulder peak at 340 nm, which is attributed to the π--π*\** transitions of naphthalene diimide core.[28](#open201500201-bib-0028){ref-type="ref"} Figure [2](#open201500201-fig-0002){ref-type="fig"} A shows the UV/Vis absorption spectroscopic changes of **NDI‐N** in chloroform with the gradual addition of methylcyclohexane (MCH, 0--95 %) at room temperature. When MCH (0--95 %) was added into the chloroform solution of **NDI‐N**, the intensity of the absorption maximum at 358 and 380 nm (π--π*\** transitions of NDI core) gradually decreased with a coinciding blue shift. But the decrease in intensity was insignificant. The fluorometric response of **NDI‐N** was also investigated in chloroform. Upon excitation (*λ* ~ex~=350 nm), **NDI‐N** exhibited two fluorescence bands with a maximum at 421 nm, 446 nm, and 472 nm, which could be attributed to the characteristic emission of NDI core. The titration experiment was conducted with the MCH (0--95 %) addition to the chloroform solution of **NDI‐N**, no significant enhancement of emission intensity was observed, that is, fluorescence quantum efficiency (*Φ* ~F~=2.4 %) as depicted in Figure [2](#open201500201-fig-0002){ref-type="fig"} B. This indicated that **NDI‐N** does not show an AIEE effect.

![A) UV/Vis absorption and B) fluorescence spectra (λ~ex~=350 nm) of **NDI‐N** (1×10^−4^  [m]{.smallcaps}) in various ratios of MCH (0--95 %) in CHCl~3~ at rt. The changes in absorption and emission intensity upon increasing the MCH percentage in CHCl~3~ are indicated by arrows.](OPEN-5-157-g002){#open201500201-fig-0002}

Figure [3](#open201500201-fig-0003){ref-type="fig"} A shows that the UV/Vis absorption spectra of **NDI‐NA** in chloroform exhibits typical three absorption bands at 358, 340, and 380 nm, which is typical for a π--π\* transition. The UV/Vis absorption exhibits significant decrease in UV/Vis absorption peak intensity with a loss of the fine structures along with an increase of absorption peak at 404 nm in varying ratios of MCH in chloroform. These results are attributed to the aggregation of the **NDI‐NA** in nonpolar solvent. Furthermore, fluorescence spectroscopy was used to investigate the AIEE effect of **NDI‐NA** in chloroform/MCH mixes. Figure [3](#open201500201-fig-0003){ref-type="fig"} B shows the fluorescence emission spectrum of the compound **NDI‐NA** in chloroform and shows rather weak fluorescence emission bands at 408 nm, 430 nm, and 462 nm (*Φ* ~F~=1.3 %). However, upon addition of MCH (0--95 %), the emission bands at 408 and 430 nm merged, and the emission band at 415 nm, along with bands at 525 nm and 560 nm, emerged and with a gradual increase in intensity (Figure S1 in the Supporting Information). This enhancement in fluorescence with a high quantum yield (*Φ* ~F~=22.8 %) observed for **NDI‐NA** upon addition of MCH is attributed to the AIEE effect within the aggregates.

![A) UV/Vis absorption and B) emission spectra (λ~ex~=350 nm) of **NDI‐NA** (1×10^−4^  [m]{.smallcaps}) in various ratios of MCH (0--95 %) in CHCl~3~ at rt. Arrows indicate how the absorption and emission intensities change upon increasing the MCH percentage in CHCl~3~.](OPEN-5-157-g003){#open201500201-fig-0003}

Time‐dependent density functional theory (TD‐DFT) calculations using B3LYP/6‐311G level of theory for eight excitations (electronic transitions) of **NDI‐NA** in the gas phase was conducted using the Gaussian 09 suite of programs[29](#open201500201-bib-0029){ref-type="ref"} (Figure [4](#open201500201-fig-0004){ref-type="fig"}). The results show that HOMO→LUMO optical transition occurs at 469 nm but with very weak oscillator strength *f*=0.0012. The main transition obtained from the ab initio calculation is H‐8 and H‐2→L at 378 and 373 nm with oscillator strengths of *f*=0.1375 and 0.2725, respectively. This is in agreement with the UV/Vis spectrum of **NDI‐NA**. Theoretical study of the **NDI‐NA** molecule shows that the HOMO orbital is concentrated on the amide nitro benzene moiety (electron donor), while the LUMO is concentrated on the NDI core (electron acceptor), Figure [3](#open201500201-fig-0003){ref-type="fig"}. This transition is not allowed in the unassociated molecule as obtained from theoretical calculations, but this transition becomes dominant when molecule is associated in a self‐assembly aggregate via H‐bonding and π--π stacking interactions.

![Electron density map of HOMO and LUMO orbitals of **NDI‐NA**.](OPEN-5-157-g004){#open201500201-fig-0004}

The electronic excitation energies and the corresponding oscillator strengths and configuration interaction coefficients of the low‐lying excited states of **NDI‐NA** are listed in Table S1 in the Supporting Information, and the predicted UV/Vis and circular dichroism (CD) spectra are shown in Figure S6 in the Supporting Information. TD‐DFT for **NDI‐N** molecules found both the HOMO and the LUMO are located on the nitrobenzene moiety with high oscillator strength (*f*=0.4459) at 374 nm. The electron density on the NDI moiety becomes significant only at the higher exited states of LUMO+1 and LUMO+2. So the HOMO--LUMO transition is not affected by the aggregation of **NDI‐N** nor the rigidity of the NDI structure and nitrobenzene moieties (see Figure S2 in the Supporting Information).

We examined the naked‐eye AIEE effect of **NDI‐N** and **NDI‐NA** in a chloroform/MCH solvent system. **NDI‐N** exhibits very week blue emission in chloroform~,~ and, upon incremental addition of MCH (0--95 %), no change in emission color or intensity was observed (Figure S3 in the Supporting Information).The weak emission of **NDI‐N** could be due to the molecular dissolution in the chloroform/MCH mixtures. However, **NDI‐NA** is non‐emissive in chloroform, whereas it turns on in the visible region upon incremental addition of MCH (0--95 %), as shown in Figure [5](#open201500201-fig-0005){ref-type="fig"}. These results confirm that **NDI‐NA** is AIEE active in aggregated states. These results encouraged us to further investigate the self‐assembly of **NDI‐NA** using scanning electron microscopy (SEM) and transmission electron microscopy (TEM).

![**NDI‐NA** (1×10^−4^  [m]{.smallcaps}) in solution in varying concentrations of MCH (0--95 %) in CHCl~3~ taken under 365 nm hand‐lamp irradiation.](OPEN-5-157-g005){#open201500201-fig-0005}

The **NDI‐NA** (1.5×10^−4^  [m]{.smallcaps}) was dissolved in chloroform/MCH (5:95, *v/v*), and a 20 μL droplet was applied directly to a glass coverslip substrate. After solvent evaporation, the solid was sputter‐coated with gold for 10 s at 0.016 mA Ar plasma (SPI, West Chester, USA). Self‐assembled micro and nanostructures were examined using field‐emission (FE)‐SEM (FEI Nova NanoSEM Hillsboro, USA) operating at high vacuum. The SEM technique provided direct visualization of the self‐assembled morphology of **NDI‐NA** (Figure [6](#open201500201-fig-0006){ref-type="fig"}). **NDI‐NA** formed multilayer high aspect ratio sheets 10--100 nm in thickness and up to 20 μ[m]{.smallcaps} in length from chloroform/MCH (*v/v*, 5:95). The sheets coexisted with vesicles at various stages of formation. Incomplete shells initially formed from curved nanosheets to produce a micelle, which could further collapse to decrease surface energy and form microcups. There exists a dynamic equilibrium between the solvated **NDI‐NA** molecules and the sharply curved edges of these microcups resulting in its further growth to form a vesicle, this mechanism can continue to result in multilayer vesicles (Figure [6](#open201500201-fig-0006){ref-type="fig"} A,B). The image in Figure [6](#open201500201-fig-0006){ref-type="fig"} C,D shows that the nanosheets, microcups, and microcapsules were all present together. We suggest that the formation of sheets, microcups, and vesicles is a function of the concentration of **NDI‐NA** at various stages of solvent evaporation and solid phase separation. At high concentrations the aggregation proceeds to form large high‐aspect‐ratio sheets and further stacking of these sheets to form multilayered structures. The directional growth of these sheets indicates a preferred orientation in the aggregates directed by the direction of the H‐bonding and π--π‐stacking of the NDI core. At low concentration of **NDI‐NA**, initially single‐layer, small, flat aggregates form. These small flat self‐assemblies contain high surface and edge free energies. The assembly structure tends to go through bending and fusion to relieve edge free energy and further stabilize the structure to form micelles, cups, and finally, vesicles.

![SEM micrograph of A) the **NDI‐NA** in the microsheet and nanocapsules in CHCl~3~/MCH (*v/v*; 5:95), B) an enlarged area where sheets are shown to be bent to form the initial shape of the microcapsule structure, C) multilayered flat sheets with thickness in the range of few nm, and D) microsheets and cup‐shaped structures which, in some cases, grew into complete microcapsules.](OPEN-5-157-g006){#open201500201-fig-0006}

Increasing the MCH ratio in the solvent enhances the solvation of the flat sheet aggregates by interacting with each other, thus forming a large sheet. In the presence of chloroform/MCH (10:90, *v/v*) only nanosheets were observed (see Figure S4 in the Supporting Information). These results clearly indicate that MCH concentration is crucial to the molecular organization and introduces bending and fusion required to form microcups. However, **NDI‐N** failed to assemble into any structures in any proportion of chloroform/MCH as shown in Figure S5 in the Supporting Information. This indicates the importance of the amide subunit in molecular self‐assembly and its contribution of strong H‐bonding in a mixture of hydrophobic solvents.

To gain more structural information, TEM was employed to investigate the **NDI‐NA** self‐assembled nanostructures in chloroform/MCH (5:95, *v/v*). For TEM analysis, the **NDI‐NA** sample was deposited on holey carbon grids by solvent evaporation. Similar to the SEM images, sheets, microcups, and vesicular structures could be found from TEM images of the chloroform/MCH (5:95, *v/v*) sample (Figure [7](#open201500201-fig-0007){ref-type="fig"} and Figure S6 in the Supporting Information). The stages of complete vesicle formation from bowl‐like structures are illustrated in Figure [6](#open201500201-fig-0006){ref-type="fig"} D--F. The **NDI‐NA** vesicles were, on average, 460 nm in diameter with wall thickness of about 70 nm.

![TEM images of the **NDI‐NA** in aggregation state in organic solvents such as CHCl~3~/MCH (*v/v*; 5:95).](OPEN-5-157-g007){#open201500201-fig-0007}

Powder X‐ray diffraction (PXRD) of **NDI‐NA** has a crystalline nature after self‐assembly in chloroform/MCH (5:95, *v/v*); however, it shows noncrystalline solid properties in nature (Figure S7 in the Supporting Information).

The dynamic light scattering (DLS) measurements in chloroform/MCH (5:95, *v/v*) further confirmed the vesicular aggregates. Size distribution in DLS showed vesicular aggregates with an average diameter of 512 nm (Figure S5 in the Supporting Information). The smaller vesicular size determined by TEM as compared with DLS is most likely due to the drying effect on the surface. Fluorescence (FL) spectra (λ~ex~=350 nm) of **NDI‐NA** (1×10^−4^  [m]{.smallcaps}) in chloroform~,~ chloroform/MCH (5:95, *v/v*), and the solid state at room temperature (Figure S9 in the Supporting Information) show that the solid noncrystalline material has a similar weak fluorescence like NDI‐NA in its dissolved state in chloroform.

To gain further insight into the hydrogen bonding in the self‐assembled nanostructures, we examined the IR spectra of the **NDI‐NA** in solid, solution, and self‐assembled states (Figure [8](#open201500201-fig-0008){ref-type="fig"}). The FT‐IR spectrum of **NDI‐NA** in the solid state and as well‐solvated molecules in chloroform (where there is less chance of aggregation and H‐bonding) exhibit two typical peaks at 1663 cm^−1^ and 1579 cm^−1^. These were ascribed to amide‐I and amide‐II, which are primarily due to the stretching vibration of amide carbonyl and the N−H out‐of‐plane bending mode, respectively. However, the self‐assembled state of **NDI‐NA** in chloroform/MCH (5:95, *v/v*) and in only MCH showed obvious changes in the amide peak shape and positions; the amide‐I band was broadened and appeared at 1635 and 1630 cm^−1^, respectively, while the amide‐II band was attenuated. This clearly indicates that the amide hydrogen bonding was one of the main driving forces for **NDI‐NA** self‐assembly.

![FT‐IR spectra of **NDI‐NA** in i) solid state, ii) CHCl~3~, iii) MCH, and iv) CHCl~3~/MCH (5:95 %, *v/v*).](OPEN-5-157-g008){#open201500201-fig-0008}

Conclusion {#open201500201-sec-0003}
==========

The parameters in **NDI‐NA** molecular design intended to introduce electron donor (nitrophenyl) and electron acceptor (NDI core) moieties in the structure spaced by an imide group to decrease the HOMO--LUMO transition in the well‐solvated molecule. This molecular engineering also considered the self‐association interactions to induce supramolecular micro and nano structures via amide H‐bonding, π--π stacking of the NDI cores, and hydrophobic interactions between the alkyl moieties, which can be balanced using solvophobic control. The self‐assembly process has resulted in aggregation‐induced emission enhancement (AIEE) due to restricted intramolecular rotation. The self‐assembly process was influenced by chemical interactions and thermodynamic surface and edge free energies and solvation energies. At higher concentrations and upon solvent evaporation, aggregates tend to grow in 2 D, resulting in phase separation in the form of single and multilayered sheets in chloroform/MCH (5:95 %, *v/v*). The reduction of **NDI‐NA** after this stage results in the formation of small single‐layer sheets which further bend and fuse to form micelles. Large unstable micelles collapsed to form microcups about 0.5 μm in diameter. The microcups in equilibrium with solvated **NDI‐NA** further grew to form fully formed vesicles (see Figure [1](#open201500201-fig-0001){ref-type="fig"}). In the absence of amide functionality within the structure, i.e. **NDI‐N**, no assembly was observed, indicating the fundamental role of H‐bonding in the self‐association process. The present study paves the way for the rational and controlled designs of nanostructures made of AIEE‐active dyes, which may open a new avenue towards tuning well‐controlled fluorescence architectures.

Experimental Section {#open201500201-sec-0004}
====================

General methods and materials {#open201500201-sec-0005}
-----------------------------

Reagents were received from Sigma Aldrich Chemical Co. (Bangalore, Karnataka, India) and used without further purification. Solvents were purchased from commercial sources from Hyderabad, Telangana, India‐based companies and purified by reported protocols. Spectroscopic‐grade solvents were used for physical studies. ^1^H and ^13^C NMR spectra were recorded on Bruker −300 MHz and 500 MHz machines and calibrated against tetramethylsilane (TMS). UV/Vis absorption experiments were performed on a UV‐1800 Shimadzu spectrophotometer. Photoluminescence studies were performed in a Cary Eclipse fluorescence spectrophotometer. Mass spectrometric data were acquired by an electrospray ionization (ESI) technique on a Q‐TOF‐micro quadruple mass spectrometer.

UV/Vis absorption spectroscopy {#open201500201-sec-0006}
------------------------------

The stock solutions (1×10^−3^  [m]{.smallcaps}) of **NDI‐N** and **NDI‐NA** were prepared in CHCl~3~. An aliquot of it was transferred to various ratios of CHCl~3~/MCH in different volumetric flasks (final volume of 2 mL) and allowed to equilibrate for 2 h prior to the UV/Vis absorption measurements.

Fluorescence spectroscopy {#open201500201-sec-0007}
-------------------------

Fluorescence emission spectra were measured in a Fluoromax‐4 spectrofluorometer. All experiments were performed upon excitation at 350 nm in a quartz cell with a 1 cm path length. The stock solutions were prepared in a similar manner as for the absorption study and employed for emission measurements.

Sample preparation {#open201500201-sec-0008}
------------------

The stock solutions were prepared in CHCl~3~ in a similar manner as for the UV/Vis study. The solutions were allowed to equilibrate for 2 h at rt.

Scanning electron microscopy {#open201500201-sec-0009}
----------------------------

SEM images of **NDI‐N** and **NDI‐NA** were recorded on an FEI Nova NanoSEM (Hillsboro, OR USA) operating at high vacuum. For SEM imaging, the samples of **NDI‐A** and **NDI‐NA** were sputter‐coated with gold for 10 s at 0.016 mA Ar plasma after drop‐casting the solutions on glass coverslip and solvent evaporation at rt.

Transmission electron microscopy {#open201500201-sec-0010}
--------------------------------

TEM samples were prepared by the paper blotting method followed by solvent evaporation on a holey carbon‐coated copper grid. The micrographs were measured using a JEOL 1010 100 kV transmission electron microscope.

Infrared spectroscopy {#open201500201-sec-0011}
---------------------

FT‐IR spectra were recorded on a PerkinElmer Spectrum spectrometer. The liquid sample in CHCl~3~/MCH (5:95, *v/v*) was drop‐casted and solvent was allowed to evaporate on the surface naturally.
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